Background: Frustrated phagocytosis occurs when an asbestos fiber > 10 μm in length is engulfed imperfectly by a macrophage, and it is believed to be associated with chromosomal instability. Few studies have focused on dynamic cellular imaging to assess the toxicity of hazardous inorganic materials such as asbestos. One reason for this is the relative lack of fluorescent probes available to facilitate experimental visualization of inorganic materials. We recently developed asbestos-specific fluorescent probes based on asbestos-binding proteins, and achieved efficient fluorescent labeling of asbestos. Results: Live-cell imaging with fluorescent asbestos probes was successfully utilized to dynamically analyze asbestos phagocytosis. The fluorescently labeled asbestos fibers were phagocytosed by RAW 264.7 macrophages. Internalized fibers of < 5 μm in length were visualized clearly via overlaid phase contrast and fluorescence microscopy images, but they were not clearly depicted using phase contrast images alone. Approximately 60% of the cells had phagocytosed asbestos fibers after 2 h, but over 96% of cells remained alive even 24 h after the addition of asbestos fibers. Immediate cell death was only observed when an asbestos fiber was physically pulled from a cell by an external force. Notably, at 24 h after the addition of asbestos fibers an approximately 4-fold increase in the number of binucleated cells was observed. Monitoring of individual cell divisions of cells that had phagocytosed asbestos suggested that binucleated cells were formed via the inhibition of cell separation, by asbestos fibers of > 10 μm in length that were localized in the proximity of the intercellular bridge. Conclusions: Fluorescently labeled asbestos facilitated visualization of the dynamic biological processes that occur during and after the internalization of asbestos fibers, and indicated that (i) frustrated phagocytosis itself does not lead to immediate cell death unless the asbestos fiber is physically pulled from the cell by an external force, and (ii) macrophages that have phagocytosed asbestos can divide but sometimes the resulting daughter cells fuse, leading to the formation of a binucleated cell. This fusion only seemed to occur when a comparatively long asbestos fiber (> 10 μm) was shared by two daughter cells.
Introduction
Asbestos is a fibrous silicate mineral that has been widely used in construction materials because of its useful properties, such as high ultimate tensile strength, low thermal conduction, and relative resistance to chemical attack [1, 2] . Inhalation of asbestos fibers was found to damage the lungs however, resulting in serious health problems such as pleural mesothelioma and lung cancers [3] [4] [5] [6] . Although the use of asbestos has now been prohibited in most developed countries, asbestos remains in old buildings. Renovation or demolition of these buildings can result in the release of airborne asbestos fibers into the environment. Asbestos is still common in most of the world, and the incidence of asbestos-linked cancers continues to rise [5, 7] .
Inhaled asbestos fibers reach the pulmonary alveoli and cause an inflammatory response [8, 9] . Alveolar macrophages phagocytose particles such as dust and microorganisms, and remove them from the respiratory surfaces. They also try to remove asbestos fibers via phagocytosis [10, 11] . Relatively short fibers are apparently fully enclosed in the phagosomes and cleared, and it has been demonstrated that fibers < 5 μm in length are not retained in the lungs and do not cause chronic inflammation [12] . In contrast, longer fibers evidently can not be fully engulfed by macrophages-resulting in a process called frustrated phagocytosis-and can remain inside the lung for a long time [13, 14] . Phagocytosed long asbestos fibers activate the NLRP3 inflammasome, leading to maturation of interleukin (IL)-1ß, which triggers inflammation [15] . The longer fibers that are not cleared lead to chronic inflammation, which exerts pleiotropic effects in the development of cancer.
With regard to asbestos toxicity, several aspects pertaining to the survival and division of macrophages that have phagocytosed asbestos remain unclear. It has been suggested that frustrated phagocytosis results in failure of membrane closure, resulting in the leakage of cell contents [14] . The leakage of cell contents may lead to immediate cell death. However, whether frustrated phagocytosis leads to immediate cell death remains to be elucidated. While investigating cell division, Jensen et al. [16] demonstrated that long fibers phagocytosed by monkey epithelial cells sterically blocked cytokinesis, sometimes resulting in the formation of a binucleated cell. Asbestosinduced polyploidy and chromosomal instability may facilitate tumor initiation and/or speed up tumor development [17] . Macrophage-derived multinucleated giant cells (MGCs) were observed in asbestos-exposed mouse lungs [18] . Factors inducing MGC formation are not well defined [19] , but IL-4, a T H 2 cytokine associated with macrophage activation, induces fusion [20, 21] . The mechanisms related to asbestos-derived MGC formation remain to be elucidated.
The dynamic biological processes that occur during and after the internalization of asbestos fibers have not been clarified. One of the reasons is the relative lack of development of dynamic analytical methods such as live cell imaging for the study of asbestos in this context. Cellular internalization of asbestos fibers has been analyzed in numerous studies using transmission electron microscopy or combinations of atomic force microscopy and soft x-ray microscopy [16, [22] [23] [24] . Although these methods provide information in finer detail than light microscopy, they are not suitable for analyzing dynamic biological processes during asbestos phagocytosis in conjunction with biomolecule co-localization with internalized asbestos fibers. A typical strategy for conducting these types of analyses is live-cell imaging incorporating fluorescence microscopy (FM). We recently developed fluorescent asbestos probes based on asbestos-binding proteins, and have achieved efficient fluorescent labeling of asbestos [25] . The thinnest fibers of chrysotile asbestos visualized under FM in that study were approximately 30-35 nm in diameter as estimated via scanning electron microscopy, which is similar to the reported diameters of single chrysotile fibrils [25] . In the present study, to analyze asbestos phagocytosis and its subsequent biological processes dynamically, we utilized fluorescently labeled asbestos and live-cell imaging in conjunction with confocal laser scanning microscopy (CLSM).
Materials and methods

Materials
Amosite (JAWE231) and crocidolite (JWE331) asbestos were obtained from the Japan Association for Working Environment Measurement (Tokyo, Japan). Unless otherwise noted, amosite asbestos was used in the experiments. Dulbecco's modified Eagle's medium (DMEM) with high glucose and HEPES and without phenol red, fluorescently labeled streptavidin (streptavidin-Cy3, streptavidinDyLight488), and actin fluorescent stain reagent (ActinGreen™ 488 Ready Probes Regent) were purchased from Thermo Fisher Scientific (Hanover Park, IL, USA). Fluorescently labeled streptavidin (streptavidin-CF555) was purchased from Biotium Inc. (Hayward, CA, USA). All other reagents were purchased from Wako Chemicals (Tokyo, Japan) or Sigma (St. Louis, MO, USA).
Cell culture RAW 264.7 cells were purchased from DS Pharma Biomedical Co., Ltd. (catalogue number EC91062702-F0; Osaka, Japan). Cells were cultured in DMEM containing 10% heat-inactivated fetal bovine serum (HyClone FBS; GE Healthcare Life Sciences, Logan, UT, USA), 1% non-essential amino acids solution (MEM, Nakarai Tesque, Kyoto, Japan), 100 units/mL penicillin, and 0.1 mg/mL streptomycin at 37°C and 5% CO 2 in a humidified incubator.
Preparation of fluorescent probes and fluorescent labeling of asbestos fibers
The preparation of fluorescently labeled streptavidin tetramer complexes was conducted as previously described [26] . Briefly, 1 μM streptavidin-Cy3, streptavidin-CF555, or streptavidin-DyLight488 was mixed with 20 μM biotinylated H-NS 60-90 fragment (Siliconbio Inc., Hiroshima, Japan) in 0.1 M Tris-HCl buffer (pH 8.0) and incubated for 1 h. Fluorescently labeled streptavidin tetramer was diluted to 20 nM in 0.5 mL of PBS, mixed with 0.1 mg of asbestos, and incubated for 1 h at room temperature with rotary mixing. The fluorescently labeled asbestos was precipitated via centrifugation at 12,000 g for 3 min. The precipitated fibers were washed three times with 0.5 mL of PBS, precipitated via centrifugation at 12,000 g for 3 min, then resuspended in 0.1 mL of PBS. The zeta-potentials of unlabeled and fluorescently labeled asbestos fibers were measured using a zeta potential and particle size analyzer (ELS-Z, Otsuka Electronics Co., Ltd., Japan).
Continuous monitoring of asbestos fiber phagocytosis by RAW 264.7 cells RAW 264.7 cells were plated in glass-bottomed culture dishes (35/10 mm; Greiner Bio-One, Frickenhausen, Germany) at a density of 2 × 10 5 per dish and cultured for 2 days at 37°C and 5% CO 2 in a humidified incubator. The medium was then replaced with 2 mL of fresh medium and the cells were incubated in the absence of asbestos fibers or in the presence of 50 μg/mL of Cy3-labeled asbestos fibers. During live imaging, the cells were incubated in a stage-top incubator (TOKAI HIT, Shizuoka, Japan) at 37°C and 5% CO 2 . Images were then obtained continuously every 5 min for 15 h using an IX71 fluorescence microscope (Olympus, Tokyo, Japan) equipped with an EM-CCD camera (C9100-13; Hamamatsu Photonics K.K., Shizuoka, Japan).
Determination of cell survival
RAW 264.7 cells were plated at a density of 2 × 10 4 cells per well in a 4-well glass-bottomed dish (Matsunami Glass Inc. Ltd., Osaka, Japan) and cultured for 1 day in a humidified incubator at 37°C and 5% CO 2 . The medium was then replaced with 0.2 mL of fresh medium and the cells were incubated in the absence of asbestos fibers or in the presence of 25 μg/mL of unlabeled or DyLight488-labeled asbestos fibers. The LIVE/DEAD™ viability kit for microscopy and quantitative assays (Thermo Fisher Scientific, Hanover Park, IL, USA) was used to determine cell survival via propidium iodide uptake, by counting unstained (viable) and stained (non-viable) cells under a fluorescence microscope (BIOREVO BZ-9000, Keyence, Osaka, Japan).
Observation of asbestos inside RAW 264.7 cells via CLSM
RAW 264.7 cells were plated at a density of 5 × 10 4 cells per well in a 4-well glass-bottomed dish (Matsunami Glass Inc. Ltd.) and cultured for 2 days in a humidified incubator at 37°C and 5% CO 2 . The medium was then replaced with 0.2 mL of fresh medium containing 25 μg/mL of Cy3 or CF555-labeled asbestos, and the cells were incubated at 37°C and 5% CO 2 . After 2 h the cells were washed with PBS then fixed with 4% paraformaldehyde in PBS for 10 min. They were then washed twice with PBS, followed by 0.5% Triton X-100 treatment for 10 min at 37°C. Lastly, the cells were stained with ActinGreen™ 488 and DAPI (Sigma) in accordance with the manufacturer's protocol. Images were obtained using a confocal laser scanning microscope (Olympus FV1000, Olympus Optical Co. Ltd., Tokyo, Japan) in channel mode with 405, 473, and 559 nm excitations. The resulting fluorescence emissions were acquired using 425-475-nm (for DAPI), 515-565-nm (for ActinGreen™ 488), and 570-625-nm (for Cy3 and CF555) band-pass filters. Detailed 3D images were constructed using Olympus FV10-ASW software. The numbers and lengths of internalized asbestos fibers in cells were measured.
Counting multinucleated cells
RAW 264.7 cells were plated at a density of 2 × 10 4 cells per well in a 4-well glass-bottomed dish (Matsunami Glass Inc. Ltd.) and cultured for 1 day in a humidified incubator at 37°C and 5% CO 2 . The medium was then replaced with 0.2 mL fresh medium and the cells were incubated in the absence of asbestos fibers or in the presence of 25 μg/mL of unlabeled or Cy3-labeled asbestos fibers. The doubling time of RAW 264.7 cells is reported 11-12 h [27] . At 6, 12, and 24-h time-points cells were fixed, stained with DAPI and ActinGreen™ 488, and examined using a fluorescence microscope (BIOREVO BZ-9000). The numbers of cells with one nucleus and two nuclei (binucleated) were recorded, and as were the numbers of multinucleated (i.e., > two nuclei) cells.
Statistical analysis
Statistical analysis was performed using the two-tailed unpaired Student's t-test, and p < 0.05 was considered statistically significant.
Results and discussion
Fluorescent labeling of asbestos fibers
Escherichia coli H-NS protein has the ability to bind to all types of amphibole asbestos [26] . A 31-amino acid peptide responsible for the affinity of H-NS protein to asbestos was displayed on a commercially available fluorescently labeled streptavidin tetramer (asbestosfluorescent probe). The asbestos-fluorescent probe can bind to asbestos with a dissociation constant of 1.0 nM [26] . A mixture of 1 μg of asbestos-fluorescent probe and 100 μg of asbestos (1.4 × 10 7 fibers) was observed under FM (Fig. 1) . Under these conditions approximately 4200 probe molecules bound to one asbestos fiber [26] . The length distribution of the fibers was determined to be 3.6 ± 0.4 μm using CLSM images (see below).
In a two-tailed unpaired Student's t-test including data from n = 4 preparations, there was no significant difference between the mean zeta potential of asbestos (− 25.47 ± 0.83 mV) and that of fluorescently labeled asbestos (− 24.48 ± 0.55 mV). As described below, cell survival was not changed when asbestos and fluorescently labeled asbestos fibers were phagocytosed. Furthermore, the frequency of binucleated cell formation in the presence of fluorescently labeled asbestos fibers was almost same as that in the presence of unlabeled asbestos fibers. These results suggested that fluorescent labeling of asbestos had little or no effect on cellular interaction with the fibers.
Macrophage phagocytosis of asbestos fibers
RAW 264.7 macrophages were used to investigate the biological effects of asbestos fibers in vitro [28, 29] . Fluorescently labeled asbestos fibers were phagocytosed by RAW 264.7 macrophages (Fig. 2 , white arrowheads, Additional file 1). The phagocytosis of short fibers (Fig. 2 , small black arrowheads) was clearly depicted in phase contrast images overlaid with fluorescence microscopy images, but not in phase contrast images alone. This was due to the presence of intracellular organelles with similar dimensions.
Macrophages can make contact with suspicious particles via long tentacle-like protrusions called filopodia, pull them towards their cell bodies, then internalize and destroy them. The internal scaffolds of filopodia are long, and their dynamic filaments of actin can be visualized via ActinGreen™ 488. Capturing multiple 2D images at different depths using CLSM enables the reconstruction of 3D structures within a cell. Figure 3a (arrow) and its z-axis images show an asbestos fiber (red) captured by filopodia (green) prior to phagocytosis.
A reconstructed CLSM image depicting the internalization of crocidolite (Fig. 3b) and amosite (Fig. 3c ) fibers longer than 10 μm (frustrated phagocytosis) was generated. Z-axis images indicated that a long asbestos fiber was partially internalized, but not localized on the cell surface (Fig. 3b, arrow) . We determined the length distribution of total fibers the cells were exposed to (Fig. 4a) . The mean length of internalized fibers (5.6 ± 0.9 μm) (Fig. 4b) was longer than that of the total fibers (3.6 ± 0.4 μm) (Fig. 4a) . Interestingly, we found that the mean length of surface-localized fibers (2.4 ± 0.3 μm) (Fig. 4c) was approximately half that of internalized fibers. Although the cells phagocytosed both short and long fibers, the intracellular localization of asbestos depended on fiber length. On the other hand, the width distribution of the total, internalized, and surface-localized fibers were very similar (Fig. 4) , suggesting that diameter of the fibers affects neither phagocytosis nor intracellular localization. It is known that phagocytosed particles can be exocytosed via non-vesicle related secretion or lysosome secretion [30] . The short fibers that were phagocytosed may also be exocytosed and localized on the surface, thus making the difference in their intracellular localization. However, further research is required to explain why long fibers tend to remain inside cells.
Survival of cells after asbestos phagocytosis
Reconstructed CLSM images revealed that 58.8% of the cells (40/68) had phagocytosed asbestos fibers by the 2-h time-point. Of these, 16.2% (11/68) phagocytosed asbestos fibers longer than 10 μm. To investigate whether asbestos phagocytosis led to immediate cell death, cell survival was measured at 2 h and at 24 h via propidium iodide uptake. Over 96% of cells remained alive 24 h after the addition of both unlabeled and fluorescently (Fig. 5) , suggesting that asbestos phagocytosis does not lead to immediate cell death. It has been suggested that frustrated phagocytosis results in failure of membrane closure, and consequent leakage of cell contents [14] . Such leakage could lead to immediate cell death. In the present study the time-course of the leakage of the cell contents of 153 cells that phagocytosed asbestos fibers was observed. Leakage of cell contents and subsequent cell death was only observed when an asbestos fiber was physically pulled from a cell by an external force (Fig. 6 ). In the case depicted in Fig. 6 , each end of a single long fiber was phagocytosed by a different macrophage. Each macrophage internalized "their end" for approximately 10 h, before the long fiber was apparently pulled from one of the macrophages via physical forces exerted by the other macrophage. It was only then that a large amount of cellular content leaked due to the ruptured membrane, and the cell rapidly died. Only two such cell deaths were observed in 153 cells, suggesting that this may not be a major initial event related to the asbestos-associated cell toxicity, at least not in vitro. 
Macrophage division after asbestos phagocytosis
In in vitro asbestos-binding experiments using a protein solution extracted from cultured human lung cells, MacCorkle et al. [31] reported that several cytoskeletal proteins including ß-tubulin, vimentin, lamin A/C, and actin exhibited the capacity to bind to asbestos. These proteins are required for mitosis and related cytoskeletal functions. Actin and several heat-shock proteins contained in a macrophage protein extract were also identified as asbestos-binding proteins in the present study (Additional file 2), and additionally, internalized asbestos fibers were partly co-localized with actin (Fig. 3c) .
The cytoskeletal protein-binding property of asbestos may affect the dynamic process of cell division. In the current study the generation of binucleated cells in vitro in the presence and absence of asbestos fibers in the culture medium was quantified over a time-course. The number of binucleated cells was approximately four times greater 24 h after the addition of asbestos (Fig. 7a) .
The frequency of cells with more than three nuclei was approximately 10-fold higher than it was cultures that were not exposed to asbestos (Fig. 7b) . In cultures exposed to asbestos, neither the frequencies of formation of binucleated cells, nor the frequencies of cells with more than three nuclei differed significantly depending on whether the asbestos fibers were fluorescently labeled ( Fig. 7a and b) .
The formation of binucleated cells can evidently result from a situation, in which a long internalized fiber is shared by two daughter cells during cell division (Fig. 8a , arrowhead at 08:14:59). At the last stage of cell division the resulting two daughter cells should be separated. However, in the case depicted in Fig. 8a a long asbestos fiber shared by two daughter cells intercellularly seemed to retard complete separation (Fig. 8a at 08:34:59). One daughter cell would likely have died if the other had exerted sufficient force to pull the long fiber from the other's cytoplasm such that its membrane was terminally Fig. 4 Length and width distributions of asbestos fibers. Graphs show the length and width distributions of the total fiber preparation (a), internalized fibers (b), and surface-localized fibers (c). Fiber lengths and widths were measured using confocal laser scanning microscopy images. Typical images are shown on the right side (arrowheads indicate fluorescently labeled fibers). Scale bar = 10 μm ruptured, as in the scenario depicted in Fig. 6 . Instead however, in this instance the two daughter cells fused and the resulting single cell survived (Fig. 8a at 08:39:59). The binding affinity of asbestos to actin may block the removal of asbestos fibers from cells and retard cell separation. The previously reported MGC formation observed in asbestos-exposed mouse lungs [18] may be attributable to the prevention of complete cell separation by internalized fibers, which is probably independent of IL-4, which induces fusion [20, 21] .
Jensen et al. [16] and Cortez and Machado-Santelli [32] proposed a similar mechanism for the formation of binucleated cells in the presence of asbestos. To further investigate binucleated cell formation we monitored 53 individual cell divisions of cells that had phagocytosed asbestos (9 long fibers and 44 short fibers), and of these, 4 divisions of cells that had phagocytosed long fibers did not ultimately result in complete cell separation. Interestingly, in these cases the two daughter cells resulting from initial division fused thereafter, resulting in the formation of a binucleated cell. A typical pattern of asbestos-facilitated binucleated cell formation is shown in Fig. 8a , and an additional movie file depicts the process in more detail (Additional file 3). The mean length of the internalized asbestos fibers in the four cells that failed to complete cell separation was 13.9 ± 1.9 μm (mean ± SE), suggesting that short fibers may not inhibit cell separation. Notably in this regard, in the 21 instances observed the presence of a short fiber in the intercellular bridge did not appear to affect cell separation (Fig. 8b , middle (Fig. 8b, right panel) , suggesting that it may primarily be the presence of a long asbestos fiber aligned with the intercellular bridge that inhibits cell separation.
Chromosomal instability and aneuploidy in binucleated cells
Asbestos is an established carcinogen that causes such as pleural mesothelioma and lung cancers [3] [4] [5] [6] . Here we showed that frustrated phagocytosis itself does not lead to immediate cell death, but blocks cell separation, resulting in the formation of a binucleated cell. Asbestos-induced chromosomal instability and consequent aneuploidy, a hallmark of cancer cells, has been observed in various types of in vitro cultured mammalian cells [32] [33] [34] [35] [36] [37] [38] [39] . Recently, Zhang et al. [40] has demonstrated that aneuploid cells are generated from binucleated cells through multipolar mitosis or bipolar mitosis with chromosome nondisjunction. Changes in the copy numbers of chromosomes or large chromosomal regions in aneuploid cells significantly alter the expression of several hundreds of genes. In cancer, aneuploidy can be an effective mechanism for generating phenotypic variation that correlates with poor prognosis, increased metastatic potential and drug resistance, thus suggesting that aneuploidy generated from asbestos-induced binucleated cells likely provides an adaptive advantage of cancerous cells over diploid cells in a healthy tissue [17, 41, 42] .
Future application of fluorescently labeled inorganic binding proteins/peptides
Our first trial using fluorescently labeled asbestos enabled us to visualize the dynamic biological processes that accompany the cellular internalization of asbestos fibers. Other types of particles and nanoparticles may adversely affect the environment and human health [43, 44] . Some researchers have suggested that the release of nanoparticles into the environment constitutes a new type of pollution [43, 44] . FM of live cells with fluorescent tags provides a range of tools to investigate many cellular processes via microscopy. The sensitivity of FM is sufficient for the detection of single chrysotile fibrils (30-35 nm in diameter) which are not visible under phase contrast microscopy [25] , indicating that the method can be applied in the field of live-cell imaging involving nanoparticles. Peptides that bind to harmful or potentially harmful nanomaterials such as carbon nanotubes, silver, platinum, aluminum oxide, silica, titanium dioxide, zinc oxide, fullerenes, and polystyrene have been reported [45] . Although the resolution of conventional FM is limited by optical diffraction, the method will likely lead to novel applications in nanotoxicological studies.
Conclusions
Our method using fluorescently labeled asbestos enabled us to visualize internalized both long and short asbestos fibers. Visualization of the dynamic biological processes that occur during and after the internalization of asbestos fibers indicated that (i) frustrated phagocytosis itself does not lead to immediate cell death unless the asbestos fiber is physically pulled from the cell by an external force, and (ii) macrophages that have phagocytosed asbestos can divide but sometimes the resulting daughter cells fuse, leading to the formation of a binucleated cell. This fusion only seemed to occur when a comparatively long asbestos fiber (> 10 μm) was localized in the proximity of and in parallel with the intercellular bridge between two daughter cells. This methodology can be applied in the field of live-cell imaging involving nanoparticles and contribute to nanotoxicological studies. 
Additional files
